Abstract-In order to study the effect of different initial conditions on gas explosive limits, the gas explosive limits have been measured under different initial temperatures (50~200℃)coupled with different ignition energies (50~800J). Besides, it has been obtained that the change rules of the upper and lower limits of gas explosion under the effect of initial temperature, ignition energy and the coupling conditions of the both. The experimental results show that the coupling condition of initial temperature and ignition energy has a great influence on the gas explosive limits. With the increase of initial temperature and ignition energy, the upper limit of gas explosion increases while the lower explosive limit decreases, and both its rising and falling trends tend to be gentle. In addition, according to the analysis on two-factor multi-level variance analysis, it can be seen that both ignition energy and initial temperature have a significant effect on the upper and lower limits of gas explosion under the coupling conditions.
INTRODUCTION
As a major component of coal mine gas, methane is closely related to coal mine safety production [1] . According to statistics, since the founding of the People's Republic of China, there have been 26 coal mine accidents involving more than 100 deaths, 22 of which were caused by coal mine gas explosion [2] resulting in heavy casualties and losses. The causes of heavy casualties caused by gas explosion in coal mine are not only factors such as poor quality of personnel and imperfect management [3] but also insufficient understanding of the limits of coal mine gas explosion [4, 5] . Therefore, study on gas explosive limiting system is of great significance to prevent heavy gas explosive accidents in coal mine [6] .
There are many factors that affect the gas explosive limits, the main researches of which focus on initial temperature [7] [8] [9] [10] [11] [12] , initial pressure [13, 14] , ignition energy [15] , humidity [16] , mixing of explosive gas [17, 18] , mixing of inert gas [19] [20] [21] [22] , oxygen Content [23] , mixing of dust [24] [25] [26] [27] , water mist [28] and so on.
The methods of prediction and calculation for gas explosive limits include stoichiometric concentration calculation method [29] [30] [31] [32] [33] , calculation method based on carbon atom atomicity, empirical formula method, and calculation method based on thermodynamic negative entropy and so on. Some scholars have also studied the upper explosive limit [33, 34] of low alkanes and olefins under high-temperature and high-pressure conditions. All these studies have made important contributions to the deep understanding of the gas explosive limits.
II. EXPERIMENTAL EQUIPMENT AND SYSTEM
Experiment on influence of initial temperature coupled with ignition energy on the gas explosive limit has been conducted in a test equipment for gas explosive characteristics in special environment. The equipment is shown in Figure 1 . Its main part is an explosive tank with a volume of 20L and the explosive tank contains an interlayer in which the high temperature heat -conducting oil and the built-in electric furnace wire are relied on to heat the mixed gas inside the tank to assure that the mixed gas is in the ambient temperature required by the test before explosion. The temperature range of the test plant can be set at 10 ℃ ~ 200 ℃ , which can meet the requirement on the initial temperature of 50℃~200℃ in this test. The high energy ignition energy generator (shown in Fig.2 ) which provides ignition energy for the test has a wide energy range and continuously adjustable energy values. The range of the ignition energy is 0.1mJ~ 1000J, which can meet the requirement of ignition energy 50J~800J in this test. As shown in Figure 3 , the test system consists of gas distribution system, high energy spark ignition system, vacuum pumping system, data acquisition system, control system, post-processing system, explosive tank and so on. The control system uses sequential circuits to control the gas distribution system and high energy spark ignition system. At the same time, the explosive tank and control system are connected to the data acquisition system through the wireless monitoring transmitter, and the postprocessing system directly processes the data gathered by data acquisition system. The entire system is a digital controlled, visualized, high integrated and automatic acquired device, and the whole experimental operation process is more accurate, convenient and safe. III. EXPERIMENTAL SCHEME
A. Experimental Content
The test has carried out to messure the explosive limits of gas-air mixture under different coupling conditions between different initial temperatures and ignition energies. The test levels of initial temperature and ignition energy are selected as follows:
Test level of initial temperature: 50℃, 100℃, 150℃, 200℃；
Test level of ignition energy: 50J, 100J, 400J, 800J.
In order to shorten the test waiting time, a special temperature is coupled with the different ignition energies one by one in test due to the features of test equipment for gas explosive characteristics in special environment, such as the difficulty in temperature rise and good heat preservation effect. Firstly, the test measures the upper explosive limit in an ambient temperature of 50°C coupled with the ignition energy of 50J, 100J, 400J or 800J, separately. By analogy, different upper explosive limits have been tested under the conditions of ambient temperature of 100°C, 150°C, 200°C coupled with different ignition energy, separately.
In the same way, the different lower explosive limits of gas have been tested under conditions of different temperatures coupled with different ignition energies.
B. Procedure
(1) Calibrate the sensor before the test and connect the pressure, temperature sensor and other auxiliary equipment with the explosive tank as a whole. Besides, all valves should be closed before the test; (2) Connect the data acquisition system to the computer, turn it on and calibrate it; (3) Compound the needed specific concentration of gas-air mixture according to the airbag distribution method; (4) Turn on the high energy ignition energy generator and adjust the ignition energy to the desired gear; (5) Turn on the vacuum pump to evacuate the tank; (6) Inject the configured gas-air mixture into the explosion tank; (7) Use infrared methane sensors to monitor the gas concentration in the tank, and use the data acquisition system to monitor the initial pressure, initial temperature and other parameters in explosion vessel; 
IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. Test results
The upper and lower limits of gas explosion on initial temperature coupled with ignition energy are shown in Table  1 and Table 2 : 
B. Impact analysis of initial temperature on gas explosive limits
To explore the rules of gas explosive limits as a function of initial temperature variation, the test results in Table 1 and  Table 2 are plotted in the coordinate system with the initial temperature as abscissa and the gas explosive limiting concentration as the ordinate, and data fitting is performed. So, the fitting curves of the upper and lower explosive limits varied with different initial temperatures are shown in Figure  4 and Figure 5 , respectively. As can be seen from Figure 4 , with the initial temperature gradually increased, the upper limit of gas explosion gradually increases too, but its upward trend gradually slows down. For example, the upper limiting change rates of gas explosion are 0.01%/°C and 0.006%/°C when the ignition energy is 50J and the initial temperatures are in the range of 50 ~ 100 °C and 150~200°C, respectively. The upper limit of gas explosion has a similar change when the ignition energies are 100J, 400J and 800J respectively. As can be seen from Figure 5 , with the initial temperature gradually increased, the lower limit of gas explosion gradually decreases, but its upward trend gradually slows down. For example, the lower limiting change rates of gas explosion are 0.0058%/°C and 0.0034%/°C when the ignition energy is 50J and the initial temperatures are within the range of 50 ~ 100 °C and 150~200°C, respectively. The lower limit of gas explosion has a similar change when the ignition energies are 50J, 100J and 400J respectively.
Near the upper and lower limits of gas explosion, the explosion systems are in the states of fuel-rich and oxygenrich, respectively. The increase of initial temperature can increase the probability of effective collision of methane molecules and oxygen molecules to a certain extent and increase the number of activated molecules in those two states, so that when the temperature increases, the upper limit of gas explosion increases while the lower limit of gas explosion decreases. But as the probability of effective collision decreases rapidly due to the enhancement of rich or oxygen-rich condition, the change rates of the upper and lower explosive limits are getting smaller and smaller resulting in the curve shapes in Figure 4 and Figure 5 .
The initial temperature is used as an independent variable x and the upper limiting concentration of gas explosion is used as a function y, then the curve in Figure 4 Table 3 . The initial temperature is used as the independent variable x and the lower limiting concentration of gas explosion is used as a function y, then the curve in Figure 5 is in accordance with the exponential equation shown in Equation (2):
Advances in
The values of each parameter in equation (2) are shown in Table 4 . 
C. Impact analysis of ignition energy on gas explosive limits
To explore the rules of gas explosive limits as a function of ignition energy variation, the test results in Table 1 and  Table 2 are plotted in the coordinate system with the ignition energy as the abscissa and the gas explosive limiting concentration as the ordinate, and data fitting is performed. So, the fitting curves of the upper and lower explosive limits varied with different ignition energies are shown in Figure 6 and Figure 7 , respectively. The upper limit of gas explosion has a similar change when the ignition energies are 100J, 400J and 800J respectively. As can be seen from Figure 5 , with the initial temperature gradually increased, the lower limit of gas explosion gradually decreases, but its upward trend gradually slows down. For example, the lower limiting change rates of gas explosion are 0.0058%/°C and 0.0034%/°C when the ignition energy is 50J and the initial temperatures are within the range of 50 ~ 100 °C and 150~200°C, respectively. The lower limit of gas explosion has a similar change when the ignition energies are 50J, 100J and 400J respectively.
As can be seen from Figure 6 , with the ignition energy gradually increased, the upper limit of gas explosion gradually increases too, but its upward trend slows down gradually. For example, the upper limiting change rates of gas explosion are 0.004%/J and 0.00025%/J when the initial temperature is 50°C and the ignition energies are within the range of 50~100J and 400~800J. The lower limit of gas explosion has a similar change when the initial temperatures are 100℃, 150℃ and 200℃ respectively. As can be seen from Figure 7 , with the ignition energy gradually increased, the lower limit of gas explosion gradually decreases, but its downward trend slows down gradually. For example, the lower limiting change rates of gas explosion are 0.0058%/°C and 0.0034%/°C when the initial temperature is 50℃and the ignition energies are within the range of 50~100J and 400~800J, respectively. The lower limit of gas explosion has a similar change when the initial temperature are 100℃,150℃ and 200℃ respectively.
Near the upper and lower limits of gas explosion, the explosion systems are in the states of fuel-rich and oxygenrich, respectively. The increase of ignition energy can increase the probability of effective collision of methane molecules and oxygen molecules to a certain extent and increase the number of activated molecules in those two states, so that when the ignition energy increases, the upper limit of gas explosion increases while the lower limit of gas explosion decreases. But as the probability of effective collision decreases rapidly due to the enhancement of rich or oxygen-rich state condition, the change rates of the upper and lower explosive limits are getting smaller and smaller resulting in the curve shapes in Figure 6 and Figure 7 .
The ignition energy is used as an independent variable x and the upper limiting concentration of gas explosion is used
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as a function y, then the curve in Figure 6 is in accordance with the exponential equation shown in equation (3) The ignition energy is used as the independent variable x and the lower limiting concentration of gas explosion is used as a function y, then the curve in Figure7 is in accordance with the exponential equation shown in Equation (4):
The values of each parameter in equation (4) are shown in Table 6 . 
D. Impact analysis of coupling of ignition energy and initial temperature on gas explosive limits
According to equations (4) and (5), the upper and lower explosive limits can be figured out under the condition that the initial temperature of 50°C, 100°C, 150°C and 200°C are coupled with different ignition energy (50-800J) respectively. The data are shown in Table 7 and Table 8 : The data in Table 7 and Table 8 are plotted in a threedimensional Cartesian coordinate system with the initial temperature, ignition energy and methane explosive limit concentration as the coordinate axes, and data fitting is performed. The fitting surfaces of upper and lower explosive limits are shown in Fig. 8 and Fig. 9 . Fig. 8 . Surface of gas upper explosive limit on initial temperature coupled with ignition Fig. 9 . Surface of gas lower explosive limit on energy initial temperature coupled with ignition energy Used the initial temperature as the independent variable x, the ignition energy as the independent variable y and the upper concentration of methane explosion as a function z, then the surface in Figure 8 is consistent with the exponential equation shown in equation (5). (5) are shown in Table 9 . Used the initial temperature as the independent variable x, the ignition energy as the independent variable y and the upper concentration of methane explosion as a function z, then the surface in Figure 9 is consistent with the exponential equation shown in equation (6). Table 10 . As can be seen from Figure 8 , with the gradually increased of initial temperature and ignition energy, the upper limit of gas explosion increases gradually. Besides, the upper limit of gas explosive surface is convex and the surface becomes more and more gentle, which indicates the upward trend gradually becomes slower. As can be seen from Figure 9 , with the gradually increased of initial temperature and ignition energy, the lower limit of gas explosion decreases gradually. Besides, the lower limit of gas explosive surface is concave and the surface becomes more and more gentle, which indicates the downward trend gradually becomes slower.
The change rule of gas explosive limits on initial temperature coupled with ignition energy is consistent with the change law of gas explosive limits under the influence of the single factor, initial temperature or ignition energy. As shown in Table 7 and Table 8 , the limiting range of gas explosion is 14.398% when the initial temperature is 200℃ and the ignition energy is 800J, while its limiting range is 11.388% when the initial temperature is 50 ℃ and the ignition energy is 50J. Compared these two conditions, the former limiting range of gas explosion value is 26.4% larger than the latter one, which shows the difference on coupling condition of initial temperature and ignition energy has a relatively large impact on the gas explosive limit.
E. Analysis on the two-factor of gas explosive limits
In order to investigate whether the initial temperature and ignition energy have a significant influence on gas explosive limits, the analysis of two-factor multi-level variance has been performed on the data of gas explosive limits (i.e. the data in Table 1 and Table 2 ) under different combinations of initial temperature and ignition energy levels. The analyze results are shown in Table 11 and Table 12 . As can be seen from the data in Table 11and Table 12 , under the coupling condition of the initial temperature and ignition energy, both initial temperature and ignition energy have extremely significant effects on the upper and lower limits of the gas explosion.
Advances in Engineering Research, volume 176
30 V. CONCLUSION (1) It is obtained that the variation of the upper and lower limits of gas explosion under the influence of initial temperature, ignition energy and the coupling condition of those two factors.
(2) The coupling condition of initial temperature and ignition energy has a great influence on the gas explosive limit. With the increase of initial temperature and ignition energy, the upper limit of gas explosion increases and the lower explosive limit decreases, and its rising and falling trends tend to be gentle.
(3) Under the coupling condition of initial temperature and ignition energy, both those two factors have extremely significant effects on the upper and lower limits of the gas explosion.
